I. INTRODUCTION
Transition metal dichalcogenides (TMDs), such as MoS 2 , MoSe 2 , WS 2 , and WSe 2 , have been very intensively investigated for the past few years since their electronic band structure and optical properties vary very strongly with the number of monolayers. [1] [2] [3] The electronic band structure of bulk TMDs (mainly MoS 2 ) has been investigated both in the past [4] [5] [6] [7] [8] [9] [10] [11] and quite recently when researchers studied the evolution of the electronic band structure in these crystals with reduction of their sizes from a bulk regime through a few layers to a monolayer. [12] [13] [14] However, some issues for bulk materials are still unclear. One of them is the electronic band structure at the H point of the Brillouin zone and optical transitions at this point. The space group P6 3 /mmc, to which all the studied crystals belong, has a Brillouin zone which is a hexagonal prism, as shown in Fig. 1 , where two planes can evidently be distinguished: the one with the C, M, and K high symmetry points and the one above it with A, L, and H points. However, since the main focus in the recent studies of these materials are monolayers, where the reciprocal space is one dimensional and only the C M K path is present, while comparing the band structures of monolayers and bulk materials, researchers tend to focus only on the C M K path in the bulk as well. However, it seems obvious that there is a high similarity in C M K points and A L H points, so they all should be considered in interpretation of the experimental spectra. Recently, Saigal and Ghosh 15 Author to whom correspondence should be addressed. Electronic mail: robert.kudrawiec@pwr.edu.pl the electronic band structure for this crystal. Previous studies of MoS 2 crystals by modulation spectroscopy [16] [17] [18] [19] have not focused on this aspect. Moreover, this issue has never before been studied either experimentally or theoretically for MoSe 2 , WS 2 , and WSe 2 crystals. It is worth noting that the electronic band structure for bulk MoS 2 was reported in many papers, but the H point of Brillouin zone is usually neglected in theoretical analysis, and therefore, it is still unclear how important are optical transitions at this point of Brillouin zone in the interpretation of PR spectra or other differential absorption-like spectra such as contactless electroreflectance (CER) or piezoreflectance (PzR). So far, CER spectroscopy has never been applied to study TMDs but PzR spectroscopy was widely applied to study bulk TMDs. [20] [21] [22] [23] [24] However, optical transitions at the H point of Brillouin zone have not been identified in these spectra. It means that the issue of optical transitions at the H point of Brillouin zone is an open question for bulk TMDs, especially that this issue has never been considered for TMDs other than MoS 2 (i.e., MoSe 2 , WS 2 , and WSe 2 ).
In this work, the electronic band structure for MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals is calculated from the first principles within the density functional theory (DFT) for various points of Brillouin zone including H point. It is clearly shown that the electronic band structure at H point is very symmetric, and hence, a strong optical transition at this point of Brillouin zone is expected in absorption-like spectra. This prediction is confirmed by experimental studies of the electronic band structure of MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals by contactless electroreflectance (CER), photoreflectance, and piezoreflectance, i.e., modulation spectroscopy which is very sensitive to critical points (CP) of Brillouin zone. This paper is organized as follows. In Section II, details on the electronic band structure calculations and CER, PR, and PzR experiments are given. Results of DFT calculations of the electronic band structure for MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals and results of measurements of CER, PR, and PzR spectra for these crystals together with their interpretation and discussion are given in Section III. Conclusions from our studies are summarized in Section IV.
II. METHODS

A. Band structure calculations
The DFT calculations of MoS 2 , MoSe 2 , WS 2 , and WSe 2 bulk crystals have been performed with the full-potential linearized augmented plane wave method, as implemented in the WIEN2k code. 25 The van der Waals interactions, very important in geometry optimization of this type of systems, have been included via the DFT-D3 dispersion correction as proposed by Grimme et al. 26 used together with generalized gradient approximation (GGA) (PBE) functional. 27 This approach provides an excellent agreement of the geometry optimization with the experimental values (less than 1% of discrepancy), as we have proven in our previous studies 28 where a detailed comparison of different approaches and functionals can be found. To improve the description of the band structure of regular LDA/GGA approach, we have used the modified Becke-Johnson exchange potential with LDA correlation (MBJLDA) 29, 30 for all our band structure calculations. This approach has been proven by us to be very effective and efficient numerous times over the years in more traditional III-V semiconductors 31, 32 as well as in TMDs in Ref. 28 where a detailed reasoning of this choice is presented. A 10 Â 10 Â 6 Monkhorst-Pack mesh was used, as a result of convergence studies. The basis set was determined by RKmax equal to 9, and the atomic sphere radii of 2.35, 2.42, 2.02, and 2.3 bohrs were used for Mo, W, S, and Se, respectively.
B. Samples
MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals were grown by iodine assisted vapor transport technique at high temperatures (900-1100 C) and low pressures ($1 Â 10 À6 Torr) in a sealed quartz ampoules. During growth at $50 C, temperature differential created between hot and cold zones to initiate nucleation and facilitate precursor transport. Prior to growth, quartz ampoules ($15 cm in length, 2.4 cm outer diameter, 2.0 inner diameter) were cleaned in piranha solution and annealed in H 2 gas to remove contaminants. Precursors (Mo, W foils and S, Se nuggets) were mixed in 1:2.05 M:X stoichiometric ratio, and iodine pieces were added as a transport agent. Quartz ampoule is sealed under vacuum (1 lTorr). Samples used to CER, PR, and PzR studies were flakes of macroscopic sizes: $3 Â 3 mm in hexagonal plane and thickness <0.2 mm perpendicular to the hexagonal plane. In these measurements, white light reflects at near-normal incidence from the hexagonal plane of the sample.
C. Contactless electroreflectance, photoreflectance, and piezoreflectance measurements CER, PR, and PzR measurements have been performed in the so-called "bright configuration" 33 where the sample was illuminated by a spectrum of white light from a halogen lamp (150 W) at normal incidence. Next, the light reflected from the sample is dispersed through a 0.55 m focal length single grating monochromator and detected by Si photodiode. The signal measured by photodiode has two components: (i) the DC component which is proportional to I 0 R and (ii) the AC component which is proportional to I 0 DR. The change in the reflectance spectrum (DR) appears due to modulation of the built-in electric field (CER and PR measurements) or strain (PzR case) inside the sample. Both DC and AC components are measured with a lock-in amplifier (I 0 is the intensity of reflected light). A computer divides the AC signal by the DC component giving the DR/R(E) spectrum, where E is the photon energy of the incident beam. Phase-sensitive detection of the DR signal allows to eliminate the background signal and detect even very weak optical transitions which usually are not observed in the reflectance spectra at room temperature.
For CER measurements, the samples were placed in a capacitor with a half-transparent top electrode made from a copper-wire mesh. 34 They were glued to the bottom copper electrode by a silver paste. The distance between the sample surface and the top electrode was $0.5 mm. Thus, there is nothing in direct contact with the sample. It means that the sample does not conduct any currents, and the external electric field is able to change the carrier distribution inside the sample. Note that the main drop in voltage in this system appears in the air gap between the front electrode and the sample. The limit for the applied voltage is the electric breakdown in this air gap. A generator of square AC voltage made in-house was used to generate the AC field inside the capacitor. A maximum peak-to-peak alternating voltage of $3.5 kV with the frequency of 280 Hz was used for the modulation.
The pump beam for PR measurements was provided by the 405 nm line of a semiconductor laser. Its intensity was $50 mW and diameter on the sample was $3 mm. The laser light was chopped by a mechanical chopper with a frequency of 280 Hz.
For PzR measurements, samples were glued on piezoceramics by acrylic glue. AC voltage with an amplitude of 300 V and the frequency of 280 Hz was applied to this piezoceramics in order to modulate strain inside the sample.
The periodic perturbation of the built-in electric field (CER and PR measurements) and strain (piezoreflectance) inside the sample is very small which is the principle of modulation spectroscopy. However, this perturbation is sufficient to slightly change the parameters of an optical transition (its energy, broadening, and intensity) and generate changes in reflectance spectrum which are detected in the lock-in technique.
III. RESULTS AND DISCUSSION
The electronic band structure for MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals calculated from the first principles with the GGAþDFT-D3 geometry optimization and MBJLDA band structure is given in Fig. 2 . As mentioned earlier, to properly interpret the transitions observed in experimental measurements, considerations of band structures throughout the whole Brillouin zone, with all the high symmetry points included, are extremely important. Hence, our band structure plots have been calculated along the A ! K ! M ! C ! L ! H ! A path, as shown in Fig. 1 . The band gap for the four crystals is indirect. Its conduction band minimum and valence band maximum are located at K and C points, respectively, see Fig. 2 . Modulation spectroscopy is not sensitive to indirect optical transitions, so the indirect gap is not probed by CER, PR, or PzR spectroscopy. These techniques are, however, very sensitive to direct optical transitions at critical points of Brillouin zone, and therefore, all points of high symmetry have to be taken into account when the modulated reflectance spectra are analyzed and interpreted.
Probability of an interband transition in absorption (Wk ) is given by Fermi's Golden Rule 35, 36 Wk
Here, H 0 is the perturbing Hamiltonian for electromagnetic interaction, h is the Planck's constant, w c and w v are the unperturbed wave functions of the conduction and valence band states, respectively, and q cv is the joint density of states (JDS) which is given as
where S(E) is a constant energy surface such as and CER) at energies where r k ðE c À E v Þ % 0. Such points are called critical points (CP) and they can be of several types. 37, 38 If r k E c ¼ r k E c ¼ 0, we have either a minimum, a maximum, or a saddle point in each band; this usually occurs only at high-symmetry points of Brillouin zone. For TMDs, such conditions are present at the K point of Brillouin zone (see Fig. 2 ), and therefore, strong A and B transitions are observed in absorption spectra, see for example, absorption spectra for MoS 2 in Refs. 5 and 13. However, very similar conditions are present at the H point of Brillouin zone, see Fig. 2 , but optical transitions at these points were not yet identified in absorption spectra measured for these crystals. Regarding the intensity of optical transitions, a direct application of Fermi's Golden Rule to compare this intensity at different CPs of Brillouin zone does not work, especially in modulation spectroscopy where this intensity also depends on the sensitivity of a given CP to the modulated parameter, i.e., this sensitivity will be different for optical transitions at different CPs of Brillouin zone.
According to our calculations, the energy difference between A and A H transition is rather low and appear in the valence band while the position of conduction band at K and H point is almost the same. For the second valence band (see transition labeled as B in Fig. 2) , the difference between valence band maximum at the K and H point is almost negligible for the four crystals. It means that the B and B H transitions are extremely hard to be resolved in absorption spectra or even in modulated absorption (e.g., PR) which spectrally is more sensitive due to its differential character. However, A and A H transitions can be distinguished in modulated reflectance spectra and such two transitions were recently identified in PR spectra of MoS 2 .
1 In order to study optical transitions at K and H points of Brillouin zone for the four crystals, we applied CER, PR, and PzR spectroscopy. Due to a differential character, the spectral resolution of modulated reflectance is better than the resolution of regular absorption, and therefore, A and A H transition can be resolved in CER, PR, and PzR spectra.
The left panel in Fig. 3 shows CER, PR, and PzR spectra measured for MoS 2 crystal in the spectral range of A and B transitions at room temperature. In the vicinity of the A transition, two resonances are clearly visible. Two resonances can also be present in the vicinity of B transitions, but they cannot be clearly separated, and therefore, a single resonance is used to simulate DR/R spectra in this spectral region.
In order to determine the energies of the optical transitions from CER, PR, and PzR measurements, the DR/R spectra were analyzed using the standard CP model. 38 According to this model, a modulated reflectance spectrum can be fitted using the following formula:
where n is the number of the spectral functions to be fitted, hx is the photon energy of the probe beam, E j is the CP energy, and C j , C j , and h j are the broadening, amplitude, and phase angle, respectively. The term m j refers to the type of CPs, i.e., the nature of optical transitions. In this case, we expect excitonic transition even at room temperature due to large exciton binding energy in this material system. 12,39 For such transitions, m ¼ 2.
CER, PR, and PzR spectra obtained for MoS 2 crystal can be fitted by three resonances related to excitonic transitions: two at K point (A and B transition) and one at H point (A H transition). The B H transition overlaps spectrally with the B transition, and therefore, the two transitions are simulated by a single resonance. Fits of DR/R spectra are shown by thick dashed lines in Fig. 3 together with the moduli of the individual CER resonances (q), which have been obtained according to Eq. (4)
with parameters derived from the fit. The moduli are shown by color thin solid lines in Fig. 3 It is visible that the absolute value of energies of optical transitions extracted from modulated reflectance measurements differ a little from theoretical predictions, but it is a rather well known problem in DFT calculations and should be of no concern. The overall shape of the band structure and the relative changes in the band structures should be perfectly correct, since the MBJLDA functional applied in the calculations significantly improves the results over standard LDA/GGA methods. 29, 30 It means that the absolute values of energies of direct optical transitions in TMDs can be overestimated but relative changes in the electronic band structure of TMDs (i.e., the energy difference between A and A H transition) should be, and in fact are, close to experimental data. Taking into account the above argument, we can compare the energy difference between the A and A H transition obtained from DFT calculations with those derived from modulated reflectance measurements, see Table I . Theoretical prediction gives the value of 33 meV. Experimental data are very close to this value and equal 51, 48, and 51 meV for CER, PR, and PzR measurements. It is worth noting that the energy difference between the B and B H transition is negative and about twice smaller than the difference between A and A H transition. Because of this, the two transitions (B and B H ) are not resolved in modulated reflectance. The work made by Saigal and Ghosh was an inspiration to pursue the issue of possible transitions in the other plane of the BZ where the H point is located. The measurements performed there seem to be in excellent quality and agree with both our experimental and theoretical results. Due to the low temperature of their measurements, the authors were also able to distinguish the very spectrally close B and B H transitions, only about 20 meV apart, which is extremely challenging. However, in light of our current theoretical calculations, the band structures clearly show that the B H transition should be energetically lower than the B transition, unlike in the case of the A/A H transitions. Due to the lack of proper theoretical calculations, the authors of Ref. 15 could not predict that fact and seem to misinterpret those transitions, and in fact, the B H and B transitions should be swapped. This is clearly visible in Table I , where the calculated difference DB is negative and the experimental value is nearly identical but the sign is opposite. After careful consideration of both our experimental and theoretical results, we suggest that if a pair of the second, energetically higher, transitions can be distinguished, the first, weaker one should be associated with B H transition and the second stronger one, higher on the energy scale, is the B transition at K point.
The right panel in Fig. 3 shows CER, PR, and PzR spectra measured for MoSe 2 crystal in the spectral range of A and B transitions at room temperature. In this case, an extra A H transition is also observed besides A and B transitions. According to our DFT calculations, the energy separation between A and A H transition is about two times larger than in MoS 2 and equals 59 meV. This prediction agrees perfectly with our experimental data, see Table I . B H transition is still not clearly resolved in modulated reflectance spectra despite the fact that the energy separation between B and B H transition is about two times larger than in MoS 2 . CER, PR, and PzR spectra for the remaining two crystals (WS 2 and WSe 2 ) are shown in Fig. 4 . For WS 2 sample, A and A H transitions are very clearly visible in CER and PR spectrum. In PzR spectrum, they are also visible but they are more weakly resolved. The energy separation between A and A H transition is close to theoretical prediction (51, 52, and 33 meV vs 31 meV). According to our calculations, B and B H transitions are basically identical, separated by only À5 and À2 meV (in WS 2 and WSe 2 , respectively), and therefore, they are not resolved in modulated reflectance spectra, and a single resonance is used to fit these spectra in this spectral range.
For WSe 2 sample, two resonances are used to fit DR/R spectra in the region of A/A H transitions, and they reproduce experimental data very well. However, it is worth noting that the conduction band in this crystal is significantly splitted at both K and H points. This issue was not commented for previous samples (MoS 2 , MoSe 2 , and WS 2 crystals) since this splitting was small (<2 meV at K point and <3 meV at H point for MoS 2 ; <18 meV at K point and <22 meV at H point for MoSe 2 ; <32 meV at K point and <27 meV at H point for WS 2 ). For WSe 2 , this splitting equals 49 meV at K point and 35 meV at H point. It means that the optical transition between the top valence band and the second conduction band at the K point of Brillouin zone is expected to be 49 meV above the A transition, and overlaps spectrally with A H transition. Since modulated reflectance spectra are very well simulated by two resonances in the region of A/A H transitions, it is rather not justified to use an extra resonance to simulate DR/R spectra in this spectral range. However, we have to be aware that the splitting in conduction band leads to extra transitions in modulated reflectance spectra or larger broadening of optical transitions. In the spectral range of B/B H transition, two resonances are clearly observed in PR spectrum. However, one of them is rather related to an optical transition at band nesting 36 than an optical transition at H point. According to our calculations, the energy difference between B and B H transition is small (À2 meV), and therefore, a single resonance was used to simulate this transition. For the PR spectrum, an extra resonance has been added to simulate the optical transition at the nesting point of Brillouin zone. According to our calculations of the electronic band structure for this crystal, it could be an optical transition near the K point of the Brillouin zone, see transition labeled as A K in Fig. 2(d) . According to our calculations, A K transition is expected to be $120-160 meV above the B transition if we neglect excitonic effects. It is very consistent with our experimental data, see PR spectrum in Fig.  4(e) , where an overlap between resonances related to B and A K transition is visible and the energy separation between these resonances is $110 meV. It is worth noting that band nesting is also present for remaining TMDs, but optical transitions at these points are expected at higher energies than B transitions, and therefore, they are not observed in our DR/R spectra in the spectral range discussed in this paper. Optical transitions at band nesting in MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals will be discussed elsewhere. Summarizing results of modulated reflectance measurements for MoS 2 , MoSe 2 , WS 2 , and WSe 2 crystals, it is clear that an extra resonance is observed a few tens of meV above the A transition for all four crystals. This transition can be attributed to a direct optical transition at the H point of Brillouin zone (A H transition), since a significant critical point is expected there, according to our DFT calculations. In addition, a B H transition is expected at almost the same energy as the B transition, but the two transitions are not resolved in our modulated reflectance spectra due to this small energy separation between them. The small energy separation between optical transitions at K and H point can be the reason why the optical transitions at H point of Brillouin zone are usually neglected when the optical absorption spectra are analyzed. The other reason can be excited states of excitonic transitions. They are usually expected also a few tens of meV above A and B transitions which may cause the confusion. In general, a signal which could be related to excited states of A and B excitonic transition can be present in DR/R spectra, but the A H resonances we observe are too strong to be attributed to an excited state of the A exciton. We expect that DR/R signal, which could be related to excited states of A excitonic transition, is very weak at room temperature, and therefore, such transition can be neglected in our analysis of DR/R signal while the A H transition is relatively strong due to the presence of a critical point at the H point of Brillouin zone very similar to the one at the K point of Brillouin zone. Therefore, optical transitions at the H point of Brillouin zone are observed in DR/R spectra, besides optical transitions at K point.
IV. CONCLUSIONS
It has been shown that the electronic band structure at the H point of Brillouin zone is very symmetric and similar to the electronic band structure at K point, and therefore, direct optical transitions at H point should be expected in modulated reflectance spectra besides direct optical transitions at K point of Brillouin zone. The direct optical transition at H point (A H transition) has been observed a few tens of meV above the A transition in CER, PR, and PzR spectra for the four crystals. The second transition at the H point of Brillouin zone (B H transition) overlaps spectrally with the B transition at the K point, and therefore, an extra resonance which could be related to the B H transition is not resolved in modulated reflectance spectra at room temperature. However, the theoretical calculations show that the B H transition should be expected for slightly lower energies than the B transition, in contrast to A H and A, which is especially important in MoS 2 where the B-B H separation is the largest. The spectral difference between A and A H transitions has been found to be in a very good agreement with theoretical predictions.
